Abstract CdS nanoparticles (NPs) are synthesized by sonochemical method using tryptophan as a capping agent. The synthesis process is of one step, using biocompatible capping agent, which is nontoxic. The synthesized NPs are characterized by UV-Vis absorption, fluorescence, FTIR, XRD, TGA, DLS, SEM and TEM. The size of NPs is below 10 nm, as observed from XRD and TEM characterizations. Photocatalytic degradation of methyl orange (MO) dye by the CdS NPs as photocatalysts under sunlight irradiation has been studied. The kinetics of catalysis of synthesized CdS NPs with MO dye follows pseudo-firstorder kinetics with reasonable apparent rate constants. A variation of dielectric constant as a function of frequencies of an alternating electric field has been observed with the prepared tryptophan-capped CdS NPs deposited at different concentrations. The electric conductivity of CdS NPs is found to increases with the concentration of tryptophan.
Introduction
Among the II-VI semiconductors, CdS is one of the first semiconductors to be discovered and is probably one of the most important electronic and optoelectronic materials, with prominent applications in nonlinear optical devices, flat panel displays, light emitting diodes, lasers, logic gates, transistors, etc [1] [2] [3] . Many studies have focused on CdS because of its high photosensitivity and potential application in photoconducting cells and a variety of optoelectronic conversion devices including photodetectors and thin film solar cells [4] . A large number of synthetic methods such as solvothermal, hydrothermal [5, 6] and sonochemical process [7] , microwave heating [8] and solution-based chemical methods [9] provide effective routes to prepare semiconductor nanoparticles. For nanoparticles prepared by solution-based chemical methods, a capping agent, which adsorbs on to the nanoparticle surface, is generally added both to control the size of the nanoparticles and to prevent agglomeration of the synthesized particles. These adsorbents have been shown to alter the electronic structure of the nanoparticles [10, 11] .
Synthesis of CdS nanoparticles in large scale is important for industrial applications in the areas of catalysis, photocatalysis and microelectronics [12] . CdS NPs have two common crystalline phases of hexagonal wurtzite and cubic zinc blende [13] [14] [15] . The bulk wurtzite structure is a thermodynamically stable phase which exists under normal conditions (such as atmospheric pressure and room temperature) [16] . The difference in intrinsic energy between these two phases is minor. It was considered that the phase stability between the zinc blende and wurtzite structures of CdS was size dependent. Generally, the cubic CdS nanoparticles exist in smaller sizes and in the wurtzite structure appear larger due to the growth of the particles [17] [18] [19] .
Currently, the sonochemical method has been used extensively to generate novel materials with unusual properties, since they form particles of a much smaller size and higher surface area than those reported by other methods [20] . Ultrasound irradiation offers a very attractive method for the preparation of nanosized materials and
has shown very rapid growth in its application to materials science, due to its unique reaction effects. It is well known that many properties of CdS NPs, such as crystalline phase, size, morphology, specific surface area and defects, can affect its photocatalytic activity [21] . It has been suggested that the specific surface structure of photocatalyst could be effective in the suppression of recombination between photo-generated electrons and holes. A semiconductor photocatalyst with high activity should have high crystalline and large specific surface area. The photocatalytic activity of CdS is mainly dependent on the electrons and holes which are produced by light absorption [22] . Photocatalysis is a potential technology for the destruction of organic contaminants in water, such as aromatic compounds which present a potential hazard to the environment. Photocatalytic process is a photoreaction with a catalyst and depends on the nature of the catalyst because of its ability to create electron-hole pairs, which generate free radicals having the ability to undergo secondary reactions [23] . Sudheer khan et al. [24] reported the synthesis of CdS NPs with photocatalytic activity under visible light. The particle with photo-activity under visible light has wide application in textile and food-processing industries. In general, for nanomaterials, the grain boundaries play an important role in the electric and dielectric properties. The electrical conductivity and dielectric behavior of nanocrystalline materials depend on chemical compositions, preparation conditions and particle size.
Tryptophan is an essential amino acid, necessary for the production of several critical substances in the body (e.g., serotonin), as well as in the human diet. Moreover, using tryptophan as capping agent will not induce any environmental toxicity in the CdS NPs formation process. The interaction of tryptophan with NPs occurs via the unshared electron pair on the nitrogen atom and is a result of the formation of a complex between the metal and the pelectrons of the indole ring of tryptophan. The indole ring of tryptophan can participate in p-p stacking interactions for nanoparticle self-assembly and is a fluorescent amino acid that could serve as a probe in non-biological environments. The growth of the particle decreases in the presence of tryptophan, a capping agent. Two effects are considered to explain the decrease in particle size in the presence of a capping agent. First, the growth of the particles may be considered as a polymerization reaction with the capping molecule playing the role of a terminator of the chain. Second, as the precipitation is often not complete, because of the capping of Cd 2? ions by carboxylic acid (-COOH) and amine (-NH 2 ) groups of tryptophan, smaller particles may simply result. It is found that the particle size decreases in the presence of a capping agent due to restriction of growth of particles.
The aim of this work is to synthesize CdS NPs with different concentrations of tryptophan by a novel and simple method. The samples were characterized using TEM, SEM, XRD, FTIR, TGA, fluorescence and UVvisible spectroscopy for the structural, thermal and optical behavior of the CdS NPs. The photocatalytic degradation of MO dye was carried out in the presence of CdS NPs under sunlight irradiation. The kinetic rate constant of degradation is higher in the presence of low concentration of tryptophan-capped CdS NPs than in high concentrations. To find the changes in the electrical properties of CdS NPs, an extensive study was done to investigate the dielectric properties and DC conductivity of the samples.
Experimental Synthesis of CdS NPs
CdS NPs were synthesized by the sonochemical method using a sonochemical bath at room temperature. The procedure for the preparation of CdS NPs is as follows. 0.1 M cadmium acetate was mixed with 0.1 M sodium sulfide and an equal amount of tryptophan was used as the chelating agent. The chelating agent concentration plays an important role in controlling the size of NPs. After mixing all the three constituents in the conical flask, it was kept in a sonochemical bath (ultrasonic power 50 Watts, model no. 1.5L 50H, Biotechnics, India) at room temperature. Different concentrations of tryptophan, viz., (a) 0.1 M, (b) 0.2 M and (c) 0.3 M were used. Then the individual solutions were exposed to ultrasound irradiation for 60 min. After the irradiation, the yellow color suspension that formed was centrifuged to get the precipitate out and washed several times with double-distilled water and ethanol to remove the unreacted reagents. Finally, the product was dried in an oven at 80°C for 6 h and analyzed further.
Characterization techniques
The UV-visible absorption spectra of CdS NPs were recorded using a Shimadzu UV-3600 series spectrophotometer in the spectral range of 200-800 nm. The fluorescence spectrum was measured with an RF-5301PC spectrofluorophotometer (Shimadzu, Japan). X-ray diffraction (XRD) pattern was recorded on X'Pert PHI-LIPS, 30 kV, 40 mA with Ni-filter CuKa radiations. FTIR (Fourier transform infrared) spectra on KBr pellet were recorded on a Shimadzu spectrophotometer in the range of 4000 to 400 cm -1 . Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) photographs were obtained on a TechnaiG2 microscope operated at 200 kV and ZEISS EVO18 electron microscope. The TGA (thermogravimetric analysis) studies were performed in DTG-60H instrument (Shimadzu, Japan). DLS (dynamic light scattering) measurements were determined with the Zetasizer Nano ZS (Malvern Instruments, UK). Electric conductivity, dielectric and impedance measurements were carried out on a Klaynekerr LCR-6440B impedance analyzer from 200 Hz to 1 MHz.
Photocatalytic degradation of methyl orange dye
Methyl orange dye (sodium 4-[(4-dimethylamino) phenyldiazenyl] benzenesulfonate, C 14 H 14 N 3 NaO 3 S) is a very stable azo dye and has been used as a probe for photocatalytic decolorization [25, 26] . MO is commonly considered as a representative organic dye in textile effluents, which can be easily monitored by optical absorption spectroscopy. The UV-visible spectra of the MO solution show two major absorption peaks at 270 and 462 nm in the initial spectra, which are due to the benzene ring and azo linkage [27] .
The photocatalytic activities of the CdS NPs at different concentrations were carried out in a glass reactor of 100 ml capacity for degrading MO in water solution. In a typical photocatalytic test, 20 mg of CdS NPs was loaded in a RB flask containing 60 ml of 5 9 10 -6 M concentration of dye solution under sunlight irradiation. Prior to the start of the irradiation, dark adsorption was carried out for 1 h under continuous stirring to establish equilibrium between the dye and the catalyst. The dye concentration was monitored at regular time intervals by measuring the maximum UV absorbance of MO at 462 nm by UV-visible spectrophotometer.
Dielectric constant measurement
The dielectric properties of CdS NPs were studied in the frequency range of 200 Hz-1 MHz at room temperature. The dielectric constant was evaluated using the relation
where e 0 is the vacuum permittivity, d is the thickness and A is the area of the sample. The capacitance and conductance of all the samples were measured with the impedance analyzer. These were used to evaluate the real (Z 0 ) and imaginary (Z 00 ) parts of the complex impedance. The DC conductance was determined from the semicircular complex impedance plots (Z 0 versus Z 00 ) by taking the value of the intersection of the low-frequency end of the semicircular on the Z 0 axis. The conductivity of each sample was calculated using the expression:
where R is the resistance, d and A are the thickness in cm and cross-sectional area in cm 2 of the samples.
Results and discussion
UV-visible absorption analysis
The influence of the concentration of tryptophan on the CdS NPs size was studied by recording the absorption spectra. From Fig. 1 , it is clear that there is a slight blue shift in the absorption edge of the CdS NPs when the concentration of tryptophan in the preparation changed from 0.3 to 0.1 M. The absorption spectra observed here for these particles are the same as those in the literature [28, 29] . The band gap, determined for the present investigation and found to be 2.62-2.51 eV. Compared with the band gap of bulk CdS, it reveals an enhancement of optical band gap from 2.42 eV. This clearly indicates the nanophase and quantized nature of the prepared CdS NPs. However, in the present case, the observation of band gaps probably implies that the sample consists of distinct particles, with slightly smaller ones showing a cubic structure. As the particle size gets smaller, the energy levels move farther apart and become more discrete. The results also reveal that the band gap increases with the decrease of particle size due to the quantum size effects. The band gap energy of NPs is dependent on particle size and lattice structure; to understand the transitions between the electronic states requires a quantum theory treatment. From the position of the absorption edge, the average particle size can be determined using Henglein's empirical relation between particle size and the absorption wavelength [30, 31] . 
Fluorescence analysis
The photoluminescence (PL) property is influenced by the structure, composition, particle size and morphology of the CdS NPs. Figure 2 shows the PL spectrum of CdS NPs, excited with wavelength 350 nm. It shows the broad emission bands around 448, 466 and 473 nm for 0.1, 0.2 and 0.3 M tryptophan-capped CdS NPs, respectively. The observed PL peaks are markedly blue shifted relative to that of the bulk CdS (*500 nm). This shift in the PL emission further provides evidence in support of quantum effects in the nanoparticles. The observation of PL spectra depends very much on the size distribution of nanoparticles. If the distribution is very broad, a large number of particles of different sizes will always be excited. This is probably due to the difference in the sizes of CdS NPs. It is evident from the PL spectra that the corresponding broad emission band for the sample can be assigned to the surface trap-induced fluorescence which involved the recombination of electrons trapped inside a sulfur vacancy with the hole in the valence band of CdS NP. From the PL spectra, the position of the emission peak shifts toward higher energy with the decrease of NPs size.
FTIR spectroscopic analysis
The FTIR spectra of pure tryptophan and different concentrations of tryptophan-capped CdS NPs are shown in the range of 4000 to 400 cm -1 in Fig. 3 . In the FTIR spectrum of pure tryptophan, the strong absorption peaks at 3402, 3037, 2561, 1589, 1411, 1357, 1059 and 744 cm -1 are assigned to N-H stretching in amines, C-H stretching in alkenes, O-H stretching in carboxylic acids, N-H bending in amines, C-H bending in alkanes, C-N stretching in aryl amines and C-H bending in aromatic ring, respectively. For the tryptophan-capped CdS NPs, when compared with pure tryptophan, the decrease in the intensity is followed by the increase in broadness of the peaks in all the cases at 3433, 1638, 1560 and 1411 cm -1 . The absorption band is weak at 742 cm -1 , and disappearance of a peak at 3037 cm -1 suggests that N-H stretching is absent. These observations led us to conclude that the indole ring did not interact with the CdS NPs surface, while both amino and carboxy groups of tryptophan were the preferential terminal groups to attach onto the surface of CdS NPs. As the main part of the tryptophan molecule is formed of an indole group and the indole group contains a nitrogen atom, it is likely to consider that these primary amine groups are involved in the complexation of the amino acid with the CdS surface. This clearly indicates that the tryptophan molecules cap and stabilize the CdS NPs.
X-ray diffraction analysis
X-ray diffraction pattern gives information about the crystalline structure and crystal size. Figure 4 shows the X-ray diffraction pattern of the CdS NPs capped with tryptophan of different concentrations. XRD peaks are found to be at 2H values of 26.2 ± 0.2, 43.3 ± 0.2 and 51.6 ± 0.2 corresponding to the (111), (220) and (311) crystal planes, respectively. The XRD pattern reveals the existence of both cubic and hexagonal phases. The cubic phase is dominant by its strong peaks of (111), (220) and (311) and the relatively weak peak of (101) which appeared at 2H values of 30 ± 0.8. The broadened of diffraction peak provides information about the sizes of the particles being in the nano range. As the width increases, the particle size decreases and vice versa [32] . The average crystal size is calculated from Scherrer formula [33] . The average crystal size of the samples lies in the order of 6.2 ± 2.1 nm. The lattice constant (a) was calculated to be 5.8 Å for these samples, which matches with the earlier reported lattice constant for cubic zinc blend structure of CdS NPs [34] . Figure 5a , b presents the typical SEM photographs and EDAX of CdS NPs, respectively. Obviously, many small particles had covered up the whole surface area and embedded in the cross-sectional area of CdS NPs. The composition of the product was studied and it was proved that the elements were Cd and S with an atom ratio of 1:1 by EDAX (energy-dispersive analysis X-ray). The chemical composition of CdS NPs was measured through the EDAX spectrum. According to EDAX, the particles consist of C, O, Cd and S. The peaks of C and O were mainly generated by tryptophan and the peaks of Cd and S were generated by CdS NPs. The elemental weight percentage of C, O, Cd and S are 19.87, 19.13, 32.02 and 28.24, respectively, and are present in tryptophan-capped CdS NPs.
Scanning electron microscopy analysis

Transmission electron microscopy analysis
The typical TEM images, particle size distribution and corresponding SAED image for the tryptophan-capped CdS NPs are shown in Fig. 6a-d , respectively. It is observed that CdS NPs can change from the dispersion to the aggregation state. This indicates the interaction between tryptophan and the CdS NPs. The NPs showed similar shapes and different sizes. Although the NPs average mean size is 6 nm for the solutions with isolated particles, the particles agglomerate together to release a large surface energy, but can be dispersed by ultrasonic oscillation or vigorous stirring.
Thermogravimetric analysis
The thermal behavior of the prepared CdS NPs has been studied by TG-DTA. Since temperature plays an important role in the formation of nanostructured materials, temperature-induced phase changes are significant for the utility of these NPs for various applications. The TGA of CdS NPs at different concentrations of tryptophan was attempted up to a temperature of 800°C under a nitrogen atmosphere. In Fig. 7 , the thermogram of CdS NPs shows that the mass loss began at 115-202°C. Weight loss at about 202°C corresponds to the adsorbed water on the surface of 
Dynamic and electrophoretic light scattering analysis
Zeta potential is a crucial parameter for stability in aqueous nanosuspensions. For a physically stable nanosuspension solely stabilized by electrostatic repulsion, a zeta potential of ±30 mV is required as a minimum [35] . Zeta potentials of tryptophan-capped CdS NPs are shown in Fig. 8a . Electrophoretic light scattering was used to determine the zeta potential of the dispersed NPs. Electrophoresis indicated that the zeta potential of the particles was -40.1 mV. The particles demonstrate a strong negative zeta potential, due to the carboxylate groups on the surface, and exhibit excellent colloidal stability. DLS is a commonly used particle sizing method that can be carried out directly in aqueous solution. DLS has been applied to a number of systems, including both organic and inorganic nanoparticles and for species ranging in size from nanometers to microns [36] . However, because the diameters measured by DLS are hydrodynamic, the results can be affected by the attributes of the system other than the primary nanoparticle size, such as the aggregation state [37] . The sizes of CdS NPs measured by DLS were highly dependent on the concentration of the solution in which the nanoparticles were prepared. The diameter deviates at higher concentration from that determined by TEM. This disagreement between diameters measured by DLS and TEM at high concentration is due to the electrostatic repulsion between nanoparticles being diminished at high concentration, resulting in the formation of aggregates of CdS NPs. Because aggregates of nanoparticles will diffuse more slowly in solution than individual nanoparticles, the aggregates effectively behave as larger particles. Therefore, the hydrodynamic diameter determined by DLS will not reflect the primary nanoparticle size, but rather that of the aggregate. The results of DLS, shown in Fig. 8b , demonstrate the size distribution of the CdS NPs.
Photocatalytic activity
The performance of the photocatalytic activity of MO dye in the presence and absence of CdS NPs was studied under sunlight. During sunlight irradiation in the absence of CdS NPs, no variation in absorbance was found. But in the presence of CdS NPs, it was observed that the absorbance at 462 nm decreased. Both the decrease in intensity and hypsochromic shifts of absorption peaks are also meaningful with respect to the -N=N-of MO. Especially, after sunlight irradiation for 4 h, these two peaks of MO solution almost totally disappear, indicating that the benzene ring and azo linkage of MO are destroyed by CdS NPs. The results indicate that the prepared CdS NPs can be used as a suitable and promising photocatalyst for effective decolorization treatment of dye-containing effluents. Figure 9 shows the degradation efficiency of MO dye in the absence and presence of a catalyst. It is observed that in the absence of a catalyst, the degradation efficiency was only 18.55 % in 4 h. To improve the efficiency, CdS NPs was added into the MO solution. When the different concentrations of CdS NPs such as 0.1, 0.2 and 0.3 are used, the degradation efficiency is found to be 75.33, 73.92 and 70.33 %, respectively. Especially, we found that the color of the MO solution under the as-synthesized CdS photocatalysis had almost changed from orange to white after 4 h illumination of sunlight, which revealed that the synthesized CdS NPs could degrade the MO solution effectively and have stronger photocatalytic degradation ability than the reported CdS, CdS/TiO 2 systems [38] [39] [40] [41] . The enhancement could be explained on the basis that as the concentration of tryptophan decreases, the particles size also decreases as well as surface area increases and then the photocatalytic activity increases. Determination of kinetic rate constants
The kinetics of MO photodegradation catalyzed by synthesized CdS NPs was studied under sunlight. The photocatalytic degradation of various organic compounds such as dyes in the presence of a heterogeneous photocatalyst can be formally described by the Langmuir-Hinshelwood kinetics model [42] :
For low concentrations of dyes, KC(1, neglecting KC in the denominator and integrating with respect to time t, the above equation can be simplified to the pseudo-firstorder kinetic model equation:
ln C o /C t = k Kt = K app t; then the equation is modified as ln A o /A t = K app t, where dC/dt is the rate of dye degradation (mg L -1 min
), k is the reaction rate constant (min -1 ), K is the adsorption coefficient of the dye on to the photocatalyst particle (L mg -1 ) and K app (min -1 ) is the apparent rate constant calculated from the curves. The apparent rate constants of degradation of MO dye with CdS NPs, K app , were determined from the slopes of the plots and are in accordance with the proposed pseudo-first-order kinetic model as shown in Fig. 10 . The apparent rate constants and degradation efficiencies are given in Table 1 , which show that the photodegradation of the MO dye decreases from 0.1 to 0.3 M tryptophan-capped CdS NPs. Figure 11 shows the plot of the dielectric constant versus applied frequency of CdS NPs in the frequency range of 200 Hz-1 MHz at room temperature. It is observed that the dielectric constant decreases exponentially with increasing frequency and then attains almost a constant value in the high-frequency region. The high value of the dielectric constant at low frequencies may be due to the presence of all the four polarizations, namely, space charge, orientation, electronic and ionic polarizations. Its low value at higher frequencies may be due to the gradual loss of significance of these polarizations [43] . This may lead to large values of dielectric constant at low frequencies. The dielectric constant values of the CdS NPs is found to be very high compared to that of the bulk CdS, which is in good agreement with the earlier reports [44] . As the particle size is in nanometer order, the number of particles per unit volume is large; hence, the dipole moment per unit volume increases as the dielectric constant increases. In this case, two possible reasons can be considered. The first one is that in the presence of CdS NPs, the conductivity of the sample increases. The second one is the influence of the existence of small particles which can affect the energy shift in the band structure of the sample. The result of this process affects the conductivity of the samples.
Dielectric analysis
DC conductivity study Figure 12 shows the variation of the (a) real part of impedance (Z 0 ) and the (b) imaginary part of impedance (Z 00 ) as a function of frequency on log-log scale at room temperature. The Z 0 , Z 00 values of CdS NPs increased with increase of frequency and attained a peak at a particular frequency and then decreased. The frequency at which the peak is attained depends on the concentration of the measurement. The peak frequency is larger at lower concentration.
The values of Z 0 and Z 00 plotted on the complex plane take the form of semicircles, known as Cole-Cole plots [45] . These plots are almost perfect semi-circles. It is known that the observation of semicircle in the Z 00 -Z 0 plots indicates the presence of single relaxation species [46] . In Fig. 13 , the Z 00 is plotted against Z 0 (Cole-Cole plots) of CdS NPs at room temperature. It clearly indicates that the impedance decreases with the increase of tryptophan concentration. All samples have a semicircle arc starting at the origin point. This indicates that each sample can be described by one bulk resistance and one bulk capacitance and both are connected parallel. The center below the real axis (Z 0 ) indicates the relaxation behavior of the system. The intercept of the semicircles on the real axis gives the resistance of the corresponding component, contributing toward the impedance of the samples. The DC conductivities determined from impedance plots from the intercepts on the real axis (Z 0 ) correspond to zero frequency. The intercept point shifted to lower and lower Z 0 values with increase of tryptophan concentration. The values of DC conductivities are 0.3474 9 10 -7 , 0.9898 9 10 -7 and 2.05 9 10 -7 S cm -1 of 0.1, 0.2 and 0.3 M tryptophancapped CdS NPs, respectively.
Conclusions
In this paper, we report on sonochemically synthesized CdS NPs capped by tryptophan. Capping of CdS NPs by tryptophan imparts biocompatibility and makes it amenable to biological manipulations. Besides providing stability to the particles against aggregation, the tryptophan cap on the surface effectively passivates the electronic defects on the CdS surface, thereby enhancing the luminescence. In the absorption spectra, as the tryptophan concentration increased, a blue shift was observed. From the SEM, TEM and XRD analyses, the morphology was found to be with cubic zinc blende structure and particle size of \10 nm. TGA was recorded to study the thermal behavior up to 800°C of the prepared CdS NPs. The CdS NPs exhibit excellent photocatalytic activity for the degradation of MO under sunlight irradiation. The dielectric properties of CdS NPs are found to be significantly enhanced, especially in the low-frequency region due to confinement. The DC conductivity measurements reveal that the conduction depends on both the frequency and concentration of the sample. 
